Abstract: Recent advances and demands in clinical applications drive a large amount of research to hydroxyapatite (HA) composite coatings fabricated by plasma spray.
1． Introduction
Hydroxyapatite (Ca10(PO4)6(OH)2, HA), one such type of calcium phosphate-based bioceramics, has been considered for various biomedical applications in dentistry and orthopedics owing to its chemical resemblance to the mineral component of the natural bones, excellent biocompatibility and osteoconductivity [1] [2] [3] . In spite of the excellent properties as biomaterials, the intrinsic brittleness of HA limits its clinical applications such as load-bearing implants [4] . As well recognized recently, the most promising way to overcome these problems is to coat HA on a titanium alloy implant, which is expected to achieve the combination of high mechanical strength of the titanium alloys with the excellent biocompatibility and bioactivity of HA, and is therefore suitable for implants in load-bearing applications [5, 6] .
To further improve mechanical properties of HA coating itself, HA composite coatings with a second phase (usually ceramic particles such as Al2O3, ZrO2, and TiO2) have been extensively explored [7] [8] [9] [10] [11] [12] . Despite significant improvement achieved in fracture toughness of these HA composite coatings, it is necessary to note that the addition contents of these ceramic particles, basically biologically inert, are usually as high as 30-50% weight fraction, inevitably leading to degradation of the excellent bioactivity associated with monolithic HA. Hence, an ideal reinforcement in HA coatings should possess significant toughening effect even with smaller amount additions to avoid negative influence on the bioactivity/osteointegration of HA [13] .
In recent years, carbon nanotubes (CNTs) and graphene have been considered as promising nanofillers in ceramics to improve their fracture toughness [14, 15] due to their excellent mechanical properties, which open up a new material-design avenue to HA composites/coatings. Previous studies reported that the fracture toughness showed a ~56% improvement with a CNT addition of 4.0 wt.% (weight percentage) in a plasma sprayed HA composite coating [16, 17] . However, the biocompatibility of CNTs remains controversial, though some studies ascribed the cytotoxicity of CNTs to the presence of metallic catalyst particles rather than CNT itself [18] . Unlike CNTs, graphene can be synthesized in such pure ways as chemical vapor deposition, micromechanical exfoliation of graphite [19] . Our previous preliminary studies have demonstrated that graphene nanosheet (GNS) reinforced HA composite displayed ~80% improvement in fracture toughness at 1.0wt.% GNS concentration and exhibited enhanced in vitro biocompatibility [20, 21] .
Among various coating techniques, plasma spray is an industrially versatile surface coating technique owing to the cost efficiency and simplicity of the process [18] , and it is the only technique which has been approved clinically by Food and Drug Administration (FDA), USA [18] . However, it should be noted that some common problems, i.e., the formation of foreign phases such as α-and β tricalcium phosphate (α-TCP, β-TCP), tetracalcium phosphate (TTCP), CaO, amorphous calcium phosphate (ACP), are related with plasma spray due to high temperature involved in the process [22, 23] , which inevitably leads to lower degree of HA crystallinity. These foreign phases have been reported to greatly influence the mechanical properties and the biological behavior of the coating system, because ACP behaves the highest dissolution rate and crystalline HA is much more stable than other calcium compounds such as α-TCP, β-TCP and TTCP [24] . To increase the content of crystalline HA in the as-sprayed coatings, post heat treatment has been developed recently [25] . Previous research found that the content of crystalline HA of the as-sprayed coatings increased from heat treatment temperature of ~500 °C and reached a maximum (about 70%) at temperature of ~700 °C, then decreased gradually with further increasing temperature [26] [27] [28] . However, it should be noted that heat treatment only facilitates ACP back to crystalline HA, but the decomposition products of HA cannot be retransformed back to crystalline HA due to the lack of H2O [29] .
Herein, the aim of the present work was to fabricate GNS reinforced hydroxyapatite composite coatings through plasma spray, and to explore the effects of the addtion of GNS nanofillers, heat and hydrothermal treatment on the microstructure evolution of plasma sprayed HA composite coatings.
Material and methods
HA nanorods (purity: 99%; diameter: ~20 nm) from Emperor Nano Material Company (Nanjing, China) and GNSs (purity: 99%; thickness: ~5 nm, diameter: ~2 μm) from XianFeng Nano Material Company (Nanjing, China) were employed in this research. Detailed information on the mixing of GNS and HA powders can be found in elsewhere [21] . The compositions chosen here were pure HA, 1.0wt.%GNS/HA and 2.0wt.%GNS/HA. Spray drying was employed to obtain microsized agglomerates with a size of 40-75 μm and good flowability for plasma spray, some GNSs were observed to locate on the surface of the agglomerated composite powders [30] .
Prior to plasma spray, Ti-6Al-4V substrates were grit blasted using Al2O3 particles and followed by being cleaned with acetone. Plasma spray was performed using SG 100 gun (Praxair Surface Technology, Danbury, CT), in which 20-25 kW plasma power and 600-700 A plasma-gun current were used with a powder feeding rate of ~4.5 g/min and a standoff distance of 100 mm. Argon was used as the primary gas (32 slpm) and helium as an auxiliary gas (28 slpm). Argon was also used as powder carrier gas (8 slpm). To reduced ACP content and to accelerate the transformation of the decomposition products back to HA, the as-sprayed coatings were heat treated at 600 °C for 2 h followed by hydrothermal treatment at 120 °C for 2 h in milli-Q water (hereafter referred to as thermal treatment in this research).
The cross-section of the as-sprayed coatings with and without thermal treatment were metallographically polished, and microstructural characterizations were revealed using field emission scanning electron microscopy (FESEM, Hitachi S-4700, Japan). analysis (VERTEX 70, Bruker Optics, USA) was performed to characterize the OHgroups on the coatings, in which the infrared spectrum with the scan number of 32 was adopted with the scan range 4000-400 cm -1 . In order to check the effects of thermal treatment and the addition of GNSs on the surface roughness, the top surface of the as-sprayed coatings was carefully polished and followed by thermal treatment.
Then, Atomic force microscopy (AFM; Dimension Icon, Bruker, USA) was used to measure the surface roughness of each sample, in which scanning area of 10 μm×10
μm and scanning frequency of 2.5 Hz were employed.
Results and discussion
SEM images of the polished cross-section of the as-sprayed coatings are shown in , which is likely due to high-temperature exposure of feedstock materials during plasma spray.
Meanwhile, P2O5 should be eliminated from the coatings as gas because of its low boiling point (~380℃). It is of importance to note that HA crystallinity of the as-sprayed HA coating was as low as ~46.0%, while the incorporation of GNSs slightly improved the content of crystalline HA in the composite coatings (~49.2% for 0.5wt.%GNS/HA coating and ~51.3% for 1.0wt.%GNS/HA coating). As shown in Figure 3b, it is evident that the amorphous hump was significantly decreased after thermal treatment, more sharp and high intensity peaks were observed. Nevertheless, the existence of TCP and CaO in the thermally treated coating was also found, implying that the by-products of HA decomposition incompletely retransformed back to crystalline HA. Fortunately, thermal treatment significantly induced higher HA crystallinity in the as-sprayed coating, i.e., the calculated crystallinities were ~67.7%, ~71.6% and ~75.4% for HA coating, 0.5wt.%GNS/HA coating and 1.0wt.%GNS/HA coating, respectively. Above results strongly indicate that the addition of GNSs contributes to slightly increase in HA crystallinity, and thermal treatment is capable of significant improving the content of crystalline HA of the as-sprayed HA coatings. As well known, the most common level of HA crystallinity in the as-sprayed HA coatings for biomedical use is about 65-70%, the presence of a small amount of amorphous HA on the coating surface may promote beneficial physiological activity [24] .
Though ultrosonication of as-received GNS agglomerates in distilled water with sodium dodecyl-benzene sulphonate (SDBS) was employed to achieve GNS homogeneous distribution in this research, it is rather difficult to completely avoid GNS agglomeration due to their lager surface area and van de Walls force between them, especially in the case of higher addition content of GNSs in the powder mixture.
Owing to very high thermal conductivity of GNSs (~5300 W/mK) [32] , it is reasonable to envisage that the addition of GNSs might affect the degree of melting of the in-flight feedstock composite powders, i.e., GNS-rich regions in the feedstock composite powders would soak excess amount of heat from plasma plume than that of GNS-depleted regions. Hence, GNS agglomeration must result in much more GNS-depleted regions, it in turn leads to an increase in the portion of the partially melted or unmelted zones in the as sprayed coatings. These partially melted/unmelted zones present in the GNS/HA coatings followed by the grinding and polishing in the sample preparation ascribes to the observed craters on the cross-sections of the as-sprayed HA composite coatings (Figure 1 ). An increase in the partially melted/ unmelted zones might be beneficial to limit HA decomposition and ACP formation to some extent. On the other hand, in the case of a GNS/HA droplet impacting upon the substrate or previously deposited layer, the added GNSs with superior thermal conductivity and larger contact area are expected to impart a droplet higher cooling rate when it comes into contact with the substrate or previously deposited layer, and subsequently increasing the propensity for ACP formation. Clearly, the addition of GNSs resulted in competing phenomenon to influence HA crystallinity viz. increased portion of the partially melted/unmelted zones and higher cooling rate during splat formation, corresponding to the observations that the content of HA crystallinity in the as-sprayed coating increases with the addition content of GNSs. and (b) FTIR spectra of a 2.0wt%GNS/HA coating with and without thermal treatment.
Raman measurement was performed to confirm the existence of GNSs. Figure   4a depicts the presence of D, G and 2D peaks, in which G peak is from the in-plane C-C bond stretching in graphene, D peak is related to the defects in the structure, and 2D peak is associated with few-layered graphene structure [33, 34] . The presence of G and 2D peaks in the composite coatings before and after thermal treatment confirmed that the short exposure (milliseconds) to high temperature during plasma spray and long exposure (2 h) to medium temperature (600 °C) in the process of thermal treatment were not sufficient for the oxidation and destruction of GNSs, the inert carrier gas (argon) during plasma spray was also expected to create a shroud over the in-flight particles to protect the GNSs from oxidation. It is well known that intensity ratio of D peak and G peak (ID/IG) is often used to quantify the degree of structural defects in graphene. As shown in Figure 4a , the ID/IG values of as-sprayed 1.0wt.%GNS/HA coating (1.05) and as-sprayed 2.0wt.%GNS/HA coating (1.01) were slightly higher than that of as-received GNSs (0.95), illustrating that plasma spray introduced structural defects into GNSs. Meanwhile, in the case of thermally treated GNS/HA coatings, it should be noted that the ID/IG value significantly increased to 1.46 for 1.0 wt.% GNS/HA coating and 1.41 for 1.0 wt.% GNS/HA coating. These results strongly demonstrate that long exposure (2 h) during thermal treatment (600 °C) induced much more structural defects into these incorporated GNSs, which was likely due to the relatively low oxidation temperature of graphene (~600 °C) [35] .
The survival of GNSs and regaining of OH -ion after thermal treatment was analyzed through FTIR spectra, as shown in Figure 4b . The survived GNPs were also revealed by the bands at 1624, which can be assigned to the C=C stretching vibration [36] . To develop comprehensive understanding the contributions of the added GNSs to microstructure evolution of the thermally treated HA coatings, careful SEM observation was performed on these coatings with and without thermal treatment. It is evident from Figure 5a that the cross-section of the as-sprayed GNA/HA coating consisted of melted zones and partially melted/unmelted zones with porous characteristic, in which lots of nanoparticles and some GNSs were observed ( Figure   5b ), and the size of these nanoparticles was approximately equivalent to the as-received HA particles. The presence of partially melted/unmelted zones indicates that some HA particles inside the spray-dried agglomerated powders were not melted and remained in the as-sprayed coating, it should be related to the fact that the heat transfer toward the center of the agglomerates during plasma spray might be significantly limited due to these porous nanostructructed agglomerates used in this research. In contrast, the residual partially melted/unmelted zones of the thermally treated GNS/HA coating was significantly decreased in size and some microcracks were clearly seen, as depicted in Figure 5c . More importantly, the porous microstructure of the unmelted zone within the as-sprayed coating developed to more compact skeleton-like microstructure (Figure 5d ), implying that effective sintering occurred in the process of thermal treatment. were all adhered to the well melted splats, in which the small spherulites and dune-shaped particles corresponded to the un-melted and partially melted particles whereas smooth surfaces corresponded to fully melted splats. After thermal treatment, significant increase in the length of the microcracks was noticed (Figure 6b , 6d and 6f), which were in consistent with cross-sectional observations of the GNS/HA coating followed by thermal treatment (Figure 2c ). Similar results have been reposted in previous research [38] . Once crystallisation and phase transformations occur in the process of thermal treatment, the stresses caused by the associated volume change would be superimposed on these microcracks already present [24] , subsequently leading to the microcrack propagation. Furthermore, it is well known that crystalline structure is much more compact than that of the amorphous one, volume shrinkage along with ACP transformation into crystalline HA during thermal treatment would produce significant surface tensile stress, which in turn accelerates microcrack propagation in the process of thermal treatment. Most importantly, it is interesting to find that thermal treatment resulted in HA nanoparticle precipitation (Fig. 6b, d, 
Conclusions
Monolithic HA and graphene nanosheets (GNS) reinforced HA coatings were fabricated on the Ti6Al4V using plasma spray, and then they were subjected to heat and hydrothermal treatment. During plasma spray, HA partially decomposed and also formed amorphous calcium phosphate (ACP), leading to low degree of HA crystallinity (~46.0-51.3%). Also, HA crystallinity in the as-sprayed coating slightly increased with the added GNSs due to the fact that these GNSs resulted in competing phenomenon to influence HA crystallinity viz. increased portion of the partially 
